The discrete arrangement of voltage-gated K ϩ (K v ) channels in axons may impart functional advantages in action potential (AP) signaling yet, in compact cell types, the organization of K v channels is poorly understood. We find that in cerebellar stellate cell interneurons of mice, the composition and influence of K v channels populating the axon is diverse and depends on location allowing axonal compartments to differentially control APs in a local manner. K v 1 channels determine AP repolarization at the spike initiation site but not at more distal sites, limiting the expression of use-dependent spike broadening to the most proximal axon region, likely a key attribute informing spiking phenotype. Local control of AP repolarization at presynaptic boutons depends on K v 3 channels keeping APs brief, thus limiting Ca 2ϩ influx and synaptic strength. These observations suggest that AP repolarization is tuned by the local influence of distinct K v channel types, and this organization enhances the functional segregation of axonal compartments.
Introduction
Axons are organized into subdomains with each compartment distinct in its role in excitation. Within these compartments axons must initiate action potentials (APs), propagate the resulting spikes to release sites, and direct Ca 2ϩ entry to mediate neurotransmission. K v channels are important determinants of axonal membrane excitability contributing to AP shape, initiation, and spike patterning. As axonal compartments are differentiated based on function, the complements of K v channels that support AP signaling in each compartment may be distinct and organized in a manner specific to that function (Dodson and Forsythe, 2004) . Despite the diversity of fast-activating K v channels, observations from L5 pyramidal cells indicate that conductances from K v 1-containing channels predominantly determine AP repolarization throughout the axon arbor with their availability influencing diverse functions including repetitive spiking and neurotransmission (Kole et al., 2007; Shu et al., 2007; Foust et al., 2011) . Whether axonal AP repolarization is similarly controlled by the monotypic influence of a single K v family in other neuron types has not been extensively examined.
Local inhibitory interneurons often incorporate a different constellation of fast-activating K v channels in their axons. In the cerebellum, direct recordings from the specialized presynaptic pinceau terminals of molecular layer interneurons (MLIs) show currents mediated by both K v 3-and K v 1-containing channels (Southan and Robertson, 2000) consistent with their local expression in these structures (Wang et al., 1994; Veh et al., 1995; Laube et al., 1996; Bobik et al., 2004) . However, dendrotoxin (DTX)-sensitive K v 1 channels do not contribute to AP-evoked Ca 2ϩ entry at MLI presynaptic sites (Tan and Llano, 1999) indicating a role in excitability other than spike repolarization. K v 1 channels are also prominently expressed in the axon initial segment (AIS) of these cells (Lorincz and Nusser, 2008) , a specialized axonal domain without previous description of K v 3 channel expression. It may be that axons of MLIs rely on a mosaic of K v channel types to direct spike repolarization with their influence dependent not only on their distinct biophysical properties but also on their subcellular distribution, thereby differentiating the spike-response characteristics in the compact axon arbors of this cell type.
We directly examined for the K v channel subtypes that determine AP repolarization in different axonal regions of cerebellar stellate cell (SC) MLIs using two-photon (2P) voltage-sensitive dye (VSD) imaging and photolysis of a caged K v channel blocker (Zayat et al., 2003) to measure spike waveform and precisely alter channel availability in a regional manner. Our results indicate that AP repolarization is locally determined by either K v 1 or K v 3 at the AIS and release sites, respectively, and that this arrangement uncouples activity-dependent control of spiking output at the AIS from neurotransmission at presynaptic sites.
Materials and Methods
Slice preparation and pharmacology. Parasagittal slices from cerebellar vermi were prepared from C57BL/6J mice (postnatal day [P] 15-21 or P28 -P35) of either sex in accordance with Max Planck Florida Institute for Neuroscience Animal Care and Use Committee-approved protocols. Following isoflurane anesthesia, mice were decapitated and the cerebellum was isolated by dissection. Brain slices (200 m) were sectioned using a vibroslicer in an ice-cold solution containing the following (in mM): 87 NaCl, 25 NaHO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 7 MgCl 2 , 0.5 CaCl 2 , 10 glucose, and 7 sucrose. Slices were transferred to an incubation chamber containing the following (in mM): 119 NaCl, 26.2 NaHO 3 , 2.5 KCl, 1 NaH 2 PO 4 , 3 CaCl 2 , and 11 glucose and maintained at 34°C for 30 min and then at room temperature (RT; 23Ϫ25°C) until use. For whole-cell recording, slices were placed in a submersion chamber and continuously superfused with the same solution at RT or at 32°C where noted. All solutions were oxygenated with carbogen gas (95% O 2 , 5% CO 2 ) to equilibrium.
GABA A , NMDA, and AMPA receptor-mediated synaptic responses were blocked with the following (in M): 100 picrotoxin, 10 r-CPP, and 10 NBQX, respectively (Tocris Bioscience). Picrotoxin was omitted during paired recording of synaptically connected SCs while r-CPP and NBQX were omitted in experiments involving stimulation of parallel fibers. K ϩ channels were inhibited with 1 M BDS-I, 100 -200 nM DTX-I, 100 nM iberiotoxin (IBTX; Alomone Labs and Peptides International), and 500 M TEA tetraethylammonium (TEA; Sigma).
Electrophysiology. SCs located in the outer two-thirds of the molecular layer were targeted for patching using gradient-contrast infrared video microscopy. A Multiclamp 700B amplifier (Molecular Devices) was used for electrophysiological recording. Analog signals were low-pass filtered at 2-10 kHz and digitized at 20 -50 kHz at 16-bit resolution (Digidata 1440A; Molecular Devices) using pClamp software (Molecular Devices). Pipette capacitance was neutralized and electrode series resistance compensated using bridge balance in current-clamp mode. For imaging experiments, borosilicate patch pipettes (4 -6 M⍀) contained a solution of the following (in mM): 128 potassium gluconate, 2 KCl, 9 HEPES, 4 MgCl 2 , 4 NaATP, and 0.5 NaGTP. Cells were filled through the patch pipette with the VSD di-2-AN(F)EPPTEA (L. Loew, University of Connecticut Health Center) in whole-cell mode (30 M) for 0.25-2.0 h before data acquisition to allow for axonal diffusion. For combined voltage and Ca 2ϩ imaging experiments, Oregon Green BAPTA-1 or 6F (Life Technologies) was also included in the internal solution (100 -200 M). For VSD imaging experiments performed in voltage-clamp mode, SCs were filled instead with an internal solution containing the following (in mM): 145 CsCl, 10 HEPES, 4 NaATP, 0.3 NaGTP, and 5 EGTA; 1 M TTX (Tocris Bioscience) blocked Na ϩ channels by bath application. To avoid high background florescence during VSD imaging, patch pipettes were front loaded with a small amount of dye-free internal solution, and then back filled with internal solution that included the VSD. Axonal boutons were optically targeted for cell-attached electrophysiological recording by first filling SCs during whole-cell somatic recording with an internal solution containing a morphological indicator (Alexa 594; 60 M) and, after dye equilibration (10 -30 min), visually identifying a bouton amenable for loose-seal patching using 2P imaging. VSDs were omitted from these experiments to preclude the possibility of VSD-induced alteration of AP waveform. The axonal patch pipette contained external recording solution and was coated with BSA-Alexa 594 (Life Technologies). This allowed for simultaneous visualization of both the pipette and the targeted bouton, thereby enabling online visual guidance and establishment of loose-seal voltage-clamp recordings (Ishikawa et al., 2010) . For the cell-attached configuration, the holding potential was set such that there was no bias current, therefore the resting membrane potential at the bouton should not be influenced by recording pipette (Perkins, 2006) .
For whole-cell recordings, single APs were elicited using short current injections (5 ms, 200 -400 pA) at the soma from cells held at Ϫ83 mV (corrected for liquid junction potential, LJP), except where noted. The membrane potential at axonal sites is expected to be similar to that at the soma due to DC coupling. Prolonged square-pulse current injections (52-270 pA; 1 s; repeated at 0.077 Hz) induced sustained firing. During this stimulus procedure, the maximal firing rate was identified by incrementally increasing the injected current until the rate of sustained firing saturated (I max ). Loss of spiking often occurred when the cell was excited beyond I max and was likely due to Na ϩ channel inactivation; these data were not included in the analysis.
For synaptically connected paired recording, postsynaptic SCs were filled with an internal solution containing the following (in mM): 135 KCl, 10 HEPES, 4 NaATP, 0.3 NaGTP, and 5 EGTA such that GABA A receptor-mediated IPSCs were resolved as inward currents; cell pairs were rejected from analysis if R s changed by Ͼ20% in the postsynaptic cell during the course of an experiment. Presynaptic SCs were maintained in the cell-attached recording configuration (Ͼ500 M⍀ seal resistance) with a solution containing the following (in mM): 145 potassium methanesulfonate, 5 KCl, 5 HEPES, and 1 EGTA. Cells were stimulated to spike by brief current injections (5-25 ms); a constant bias current prevented spontaneous spiking.
We used an extracellular glass pipette, filled with saline and Alexa 594 (50 M), to stimulate the presynaptic parallel fibers (PFs) of granule cells. The stimulating pipette was visually positioned adjacent to a dendrite of a postsynaptic SC, also filled with Alexa 594 (50 M by patch pipette), using 2P microscopy. In this way, we could avoid blocking K v channels on PFs by exciting presynaptic inputs that were spatially restricted from the SC AIS, the region targeted for ruthenium bipyridine-4AP (Rubi-4AP)-induced photolysis. Extracellular stimulus intensity, controlled by a constant voltage isolator (DS2A; Digitimer), varied from 9 to 24 V (10 -100 s per pulse) and was adjusted such that APs were initiated in the postsynaptic SC during the first EPSP. All electrophysiological analysis was performed using AxoGraph (AxoGraph Scientific).
Two-photon imaging. Imaging experiments were performed with a 2P laser scanning microscope (Prairie Instruments) using an Olympus upright microscope, objective (60ϫ, 1.0 NA), and oil-immersion condenser (1.4 NA). A Ti:sapphire laser (Coherent) provided excitation. Emitted fluorescence was simultaneously collected by GaAsP photomultiplier modules (Hamamatsu) in both epifluorescence and transfluorescence pathways and chromatically separated using a t560lpxr dichroic and et640/120-2p and et510/80-2p bandpass filters (Chroma). In experiments using 473 nm laser light for uncaging, the microscope primary dichroic (720LP) was replaced with a mirror that passed both blue (ϳ450 -480 nm) and NIR (Ͼ675 nm) bands (z470/561/NIR Trans; Chroma).
VSD fluorescence measurements were obtained with 1040 nm excitation (1020 nm for simultaneous VSD and calcium indicator dye imaging) at 10 kHz (Acker et al., 2011) . Optical AP traces were processed off-line with a Butterworth filter (F pass , 900 Hz; F stop , 925 Hz) to reduce variability due to high-frequency shot noise. Responses were aligned together with the somatically recorded APs to avoid temporal jitter, and averaged (typically 15-50 traces) for each axonal site and/or test condition. Partitioning of the VSD within internal membranes leaves baseline fluorescence highly variable within axons. As internal membranes have no direct sensitivity to external membrane voltage, these chromophores do not contribute to voltageinduced fluorescence changes, therefore small changes in imaging location during an experiment result in appreciable differences in the apparent magnitude of voltage-induced fluorescence changes relative to baseline. For this reason, we did not quantify changes in AP amplitude in different conditions and, in figures, averaged responses were normalized to facilitate comparison of waveform duration. AP duration was determined using the full-width at half-maximal amplitude (FWHM) of the waveform. Fluorescence changes for Ca 2ϩ imaging (average 15-25 trials per condition) were quantified as (⌬F/F ), where the peak of the AP-evoked Ca 2ϩ transient was determined from a linear fit of the fluorescence decay following single APs.
RuBi-4AP uncaging. RuBi-4AP (Zayat et al., 2003 ; Abcam) was continuously recirculated in the bath using a peristaltic pump. A 473 nm laser light (0.8 mW at the objective) was used to uncage Rubi-4AP (150 M or 300 M). Closely spaced uncaging points were directed to each side of a targeted cellular region (Ͻ1 m from the membrane; 50 total points). Photomultiplier tubes were mechanically shuttered during simultaneous VSD imaging and uncaging experiments. The sequence of uncaging points was randomized along the targeted region of axon. RuBi-4AP was tested for purity by monitoring for changes in AP shape in the absence of laser illumination following bath perfusion.
Immunohistochemistry. In several cells, Lucifer yellow (LY; ϳ0.2% w/v) was included in the internal solution and following equilibration (Ͼ20 min) were subsequently fixed for 1 h in 4% PFA (0.1 M PB with 15% v/v picric acid) at RT. For Ankyrin-G (AnkG) immunohistochemistry, slices were subjected to a 15 min pepsin digest (0.2 mg/ml in 0.1 M PB at RT; Lorincz and Nusser, 2008) , then blocked for 1 h (10% v/v NGS in 0.1 M PB). Sequential incubation in mouse anti-AnkG (1:800; Antibodies Inc.) for 1 h at 4°C and rabbit anti-LY (1:800; Life Technologies) for 72 h at 4°C was used to immunolabel AnkG and intensify LY staining, respectively. Following repeated washing in 0.1 M PB, slices were incubated in secondary antibodies, Alexa 633-conjugated anti-mouse for AnkG and Alexa 488-conjugated anti-rabbit for LY (Life Technologies), for 1 h at RT. All antibodies were diluted in 0.1 M PB with 2% v/v NGS and 0.1% v/v Triton X-100. Slices were washed and mounted on glass slides using SlowFade (Life Technologies). Image stacks were taken with a confocal laser scanning microscope (Zeiss LSM780) using sequential multichannel acquisition. For AIS length measurements, the distal ends of AIS segments were defined using a threshold where the average pixel intensity attenuated below 10% of maximum. Ca v channel model. A kinetic model of Ca v channel gating was created from a previously published report (Li et al., 2007) . The model used a six-state Markovian chain with individual voltage-dependent rate constants derived for P/Q-, N-, and R-type Ca v channels. Channel stoichiometry (ratios 44:17:5, respectively) was set based on quantitative estimates from hippocampal mossy fiber boutons (Li et al., 2007) . Ca 2ϩ influx was estimated from the integral of the combined open probability (P o ) for each of these channels and approximates a summed current if a similar conductance is assumed for each channel.
Statistical analysis. Reported values are mean Ϯ SEM. Excel (Microsoft) and GraphPad Prism (GraphPad Software) were used for statistical analysis. Normality was determined with the D'Agostino-Pearson omnibus test. Two-sided t tests (unpaired or paired where appropriate) and Mann-Whitney tests were used for parametric and nonparametric datasets, respectively. Group data were compared with one-way or twoway ANOVA and significance determined with Tukey's or Sidak's multiple-comparison tests, respectively. Differences were deemed significant with ␣ values of p Ͻ 0.05.
Results

Distinct K v channel subtypes regionally determine AP repolarization in axons
To measure AP waveforms in axons of cerebellar interneurons, we filled SCs during whole-cell recordings with the VSD di-2-AN(F)EPPTEA (30 M; Acker et al., 2011) and, following equilibration (0.25-2 h), imaged with 2P microscopy. APs were evoked by somatic current injection in cells held in currentclamp mode. Optical recordings of APs were resolved in axons by statically parking the 2P beam at a diffraction-limited point of interest and illuminating that spot continuously during acquisition. Responses were filtered off-line and averaged over multiple trials (typically 15-50; Fig. 1A ). Somatic APs recorded using electrophysiology with a dye-free internal solution were no different from spikes recorded from the same cell after repatching with a solution containing the VSD (Fig. 1B 1 ; 1.06 Ϯ 0.03 and 1.01 Ϯ 0.02 of control for duration and amplitude, respectively; n ϭ 4, p ϭ 0.12, and p ϭ 0.66, paired t test; R s in repatched cells 1.02 Ϯ 0.05 of initial patch, p ϭ 0.91, paired t test). Furthermore, somatic APs were unaltered by long-duration intracellular dialysis with the VSD (Fig. 1B 2 ,B 3 ). These data indicate that the VSD did not perturb neural membrane properties. To test the temporal resolution of this VSD recording method, we voltage-clamped SCs using an AP-like command waveform (880 s half-width) and measured the optically resolved voltage responses at the soma. VSD responses closely resembled the command waveform (Fig. 1C,D) . We further probed temporal sensitivity in several ways. First, the duration of the command waveform was increased slightly compared with control. This change was finely tracked in the optical response ( Fig. 1E-G) . Similarly, VSD imaging tracked command waveforms resembling fast APs (e.g., 500 s; Fig. 1H ). Also, in current-clamp mode, optically resolved APs in axons were faster at elevated temperature (32°C) compared to room temperature (within-cell comparison from the same recoding site; 0.89 Ϯ 0.03 of control [24°C]; n ϭ 6, p ϭ 0.02, paired t test) indicating that VSD imaging can resolve physiologically induced AP waveform changes. Last, we made optically targeted subcellular electrophysiological recordings of APs from axonal boutons using a loose-seal, cell-attached configuration to determine whether VSD imaging accurately reports spike waveform in these structures ( Fig. 1I ; distance from axon hillock; range 61-96 m). Suprathreshold current injection through a second electrode, a whole-cell recording pipette at the soma, elicited APs in the attached axon as registered in voltage clamp by rapid inward and outward currents that were time locked to the somatic spike (Fig. 1J ). Axonal AP duration was quantified by peak-to-peak measurement of these currents (Sabatini and Regehr, 1997; Yang and Wang, 2006) , a method that closely approximates somatic AP half-width as determined by control recordings at the soma using the same recording configuration ( Fig. 1 K, L) . In a separate set of experiments, VSD imaging was used to measure spike duration (FWHM) in SC boutons resulting in half-width values that closely matched those from electrophysiological recording (Fig.  1L ).Together, these results indicate that VSD imaging accurately reports fast voltage changes across neural membranes, including axons, without detectable influence on AP signaling.
Although APs were observed throughout the axonal arbor, our analysis focused on spikes recorded in two specialized axonal locations, boutons-the morphological swellings encountered along an axon that demarcate presynaptic sites of release-and the AIS, a specialized region important for spike initiation (Clark et al., 2009; Bender and Trussell, 2012; Fig. 2A) . To confirm that our AIS-targeted recordings were in general correspondence to the actual position of AIS, we immunolabeled SCs, filled with LY (n ϭ 5) during whole-cell recording, with the AIS marker protein AnkG (Fig. 2B ). Labeling revealed short AIS segments (13.7 Ϯ 2.1 m) that began shortly after the axon hillock (4.6 Ϯ 1.6 m). Correspondingly, by comparing the timing between APs recorded at the soma with the patch electrode and the optically resolved axonal spike (Fig. 2C) , it was apparent that spikes occurred in the axon first with the shortest latencies in the most proximal segment, ϳ11 m from the hillock (Fig. 2D) . Thus, the AP initiation zone in SCs clearly corresponds to a region in register with the anatomically identified AIS demarcated by AnkG immunolabeling, indicating that our VSD recordings in the most proximal axon region (measurement range 5-25 m from the axon hillock) overlapped the AIS.
Comparison of spike waveforms (Fig. 2E) showed that APs were shorter in duration in boutons than in the AIS (785 Ϯ 18 s; n ϭ 30 and 969 Ϯ 48 s; n ϭ 19; for boutons and AIS, respectively; p Ͻ 0.01; Mann-Whitney test), a result also observed in 1.5 mM Ca 2ϩ and 1.5 mM Mg 2ϩ at 32°C (711 Ϯ 21 s, n ϭ 5 and 1223 Ϯ 93 s, n ϭ 5; p Ͻ 0.01; boutons and AIS, respectively) and in older mice (P28 -P35; 741 Ϯ 19 s, n ϭ 11 and 1094 Ϯ 88 s, n ϭ 9; p Ͻ 0.01; boutons and AIS, respectively). These findings indicate that AP duration in axons of SCs varies depending on location likely reflecting local differences in the passive and active electrical features of these regions.
K v channels are well known to set the rate AP repolarization and therefore are a major determinant of AP duration. K v 1 channels are located in the AIS of many neuron types and these chan-Figure1. Two-photonVSDimaginginSCinterneurons.A,RawtracesshowAP-evokedvoltagetransientsrecordedinanaxonofanSCduringpointmeasurementoffluorescence.Followingacquisition,traces were digitally filtered off-line and aligned to remove any jitter using the peak of APs recorded at the soma with electrophysiology. Trials were averaged and photobleaching subtracted using a trend line extrapolated from a slope fit during the baseline period indicated by the dashed line. Inset shows that responses were stable throughout the recording. nels influence the shape of the resulting axonal spike (Kole et al., 2007; Foust et al., 2011) . To determine whether K v 1-mediated conductances contribute to spike repolarization in the AIS of SCs, we used the K v 1-specific blocker DTX-I (100 nM), which blocks K v 1 channels containing K v 1.1, 1.2, and 1.6 subunits (Coetzee et al., 1999) . Bath-applied DTX substantially broadened APs in the AIS (Fig. 2 F, H ) indicating that a K v 1-mediated conductance directs spike repolarization in this region, a result consistent with the expression pattern of K v 1.1 and K v 1.2 subunits in the proximal axons of cerebellar interneurons (Lorincz and Nusser, 2008) . This effect was not due to a somatic influence since electrically recorded APs were unchanged in width following DTX application (1.06 Ϯ 0.03 of control, n ϭ 18, p ϭ 0.49; paired t test). K v 3 channels are abundant in many interneuron types including parvalbumin-expressing neocortical and hippocampal interneurons and drive fast AP repolarization (Erisir et al., 1999; Lien and Jonas, 2003) . To directly test for the additional contribution of K v 3 conductances in mediating AP repolarization in the AIS, we used the K v 3-specific modulator BDS-I (Yeung et al., 2005) . However, BDS-I (1 M) did not affect AP repolarization in the AIS (Fig. 2 F, H ; also 0.93 Ϯ 0.04 of control in P28 -P35 mice, n ϭ 5, p ϭ 0.12; paired t test) indicating that K v 1, but not K v 3, channels likely play an important role in defining the spikeresponse properties governed by the AIS in SCs.
Remarkably, bath-applied DTX had no effect on AP repolarization at axonal boutons (Fig. 2G,I ), regardless of their location (measurement range 41-109 m from the axon hillock; also 0.99 Ϯ 0.10 of control in 1.5 mM Ca 2ϩ and 1.5 mM Mg 2ϩ at 32°C; n ϭ 4, p ϭ 0.74; paired t test). Similar results were obtained in older mice (P28 -P35; DTX 1.20 Ϯ 0.03 of control, n ϭ 5; p Ͻ 0.01; paired t test and 1.04 Ϯ 0.04 of control, n ϭ 6, p ϭ 0.37; paired t test, AIS and bouton, respectively). Therefore, a K ϩ channel conductance, which is pharmacologically distinct from that in the AIS, must direct repolarization at boutons. K v 3 channels are particularly abundant in the axonal pinceau of cerebellar basket cell interneurons, a closely related cell-type to SCs, and mediate fast-activating currents in these structures (Veh et al., 1995; Laube et al., 1996; Southan and Robertson, 2000; Bobik et al., 2004) . We found that a conductance with a pharmacological profile consistent with K v 3 channels directs AP repolarization at SC boutons. First, bath application of the K v 3 modulator BDS-I (1 ⌴) significantly broadened APs recorded at SC boutons (Fig.  2G,I ). Additionally, TEA (500 M), a high-sensitivity blocker of K v 3 channels (IC 50 ϭ ϳ200 M; Coetzee et al., 1999) , similarly increased the duration of APs at boutons (Fig. 2I ) . In a separate set of experiments, we included the large-conductance Ca 2ϩ -activated K ϩ (BK)-specific blocker IBTX (100 nM) in the bath to occlude the TEA-dependent block of fast-activating BK channels (Coetzee et al., 1999) . In this condition, TEA (500 M) continued to induce spike broadening in boutons ( Fig. 2I ; also 1.30 Ϯ 0.09 of control [in IBTX] in 1.5 mM Ca 2ϩ and 1.5 mM Mg 2ϩ at 32°C; n ϭ 4, p ϭ 0.03; paired t test), a result also observed in older mice (P28 -P35; 1.20 Ϯ 0.04 of control, n ϭ 5; p ϭ 0.01; paired t test). Thus, SCs employ two different types of K v -mediated conductances to repolarize APs along their axons, K v 1-containing channels at the AIS and K v 3-containing channels at boutons.
Local control of AP repolarization in boutons
Following K v 3 channel block, AP duration is still comparatively brief in boutons (986 Ϯ 32 s, n ϭ 10) suggesting that other K ϩ channels may be recruited in this condition. At the calyx of Held, K v 1 channels do not normally inform AP repolarization in basal conditions but can contribute to repolarization following K v 3 inhibition (Ishikawa et al., 2003) . To test if K v 3 channel activity at SC boutons limits K v 1 channel recruitment in a similar manner, we applied DTX in the presence of TEA (500 M). Block of K v 3 channels unmasked a DTX-induced increase in AP duration in boutons (Fig. 3 A, B) . In L5 pyramidal cells, DTX-induced spike broadening in the AIS is thought to directly increase the spike width in boutons, albeit in a distance-dependent manner, apparently due to propagation dependent on a long axonal length constant (Kole et al., 2007 ; but see Foust et al., 2011) . This raises the possibility that, when K v 3 channels are blocked in SCs, AP broadening in the bouton reflects the specific loss of K v 1 channels in the AIS rather than a local effect at the bouton. However, we found that DTX-induced broadening was not related to distance from the axon hillock (Fig. 3C) .
To more directly assess this possibility, we used local photolysis of the caged K v channel blocker RuBi-4AP (150 M; Zayat et al., 2003) to inhibit K v channels in a spatially restricted manner at the AIS (Ͻ10 m; Fig. 6 ) and examine the extent to which this perturbation affects AP duration in boutons (Fig. 3D) . Laser pulses (473 nm; 0.8 mW; 0.5 ms pulses at 1 kHz) delivered to closely spaced uncaging points (n ϭ 25) on each side of the proximal axon (11.7 Ϯ 1.6 m in length; starting 5.4 Ϯ 1.3 m from the axon hillock) increased AP width in the AIS (Fig. 3 E, F ) indi- AP recording sites included both the AIS and an axonal bouton located in the same field of view to eliminate need for objective refocusing. Local photolysis of RuBi-4AP (bath applied at 150 M) was limited to the AIS. Uncaging pulse trains (highlighted in red) were repeated five times at 0.33 Hz before each imaging trial. An imaging trial (highlighted in blue) consisted of five APs stimulated at 0.33 Hz. Measurements of AP waveform were made iteratively between these two sites in control and following RuBi-4AP uncaging. E, APs recorded at the AIS in control (black) and immediately following local photolysis of RuBi-4AP at the AIS. In the same cell, APs were also recorded at a bouton following RuBi-4AP photolysis at the AIS. F, Effect of AIS-directed RuBi-4AP photolysis on AP duration for spikes recorded at the AIS. In addition, control experiments show that laser pulses alone have no effect on AP repolarization and that RuBi-4AP has no basal effect on AP duration without laser-induced uncaging. Data are mean Ϯ SEM; *p Ͻ 0.05 by one-way ANOVA. G, Effect of AIS-directed RuBi-4AP photolysis on AP repolarization at the AIS and boutons in basal conditions and in a background of TEA (500 M). Data are mean Ϯ SEM; *p Ͻ 0.05 by paired t test. The distance of the bouton recording position relative to the hillock is indicated below in parenthesis. H, Recording configuration showing that a short region of an axon branch was targeted for local Rubi-4AP photolysis. VSD responses were recorded in alternating trials from boutons located in either the targeted region or on a distal axon branch. I, APs recorded in control (black) and following Rubi-4AP photolysis (red) at bouton locations. J, AP widening, induced at target boutons by Rubi-4AP photolysis, was highly reduced in boutons located on distal axon branches. Data are mean Ϯ SEM; *p Ͻ 0.05 by paired t test.
cating partial loss of K v channel-mediated repolarization in this region. This result was occluded by DTX (200 nM; Fig. 3F ) indicating that RuBi-4AP photolysis blocks K v 1 channels at the AIS. At boutons, AP width was unaffected by local inhibition of K v 1 channels at the AIS (Fig. 3 E, G) . This shows that, in basal conditions, control of spike repolarization in boutons is uncoupled from the AIS. We observed a similar result when K v 3 channels were blocked by 500 M TEA (Fig. 3G) . Together, these data indicate that while K v 1 channels are locally available at boutons, conductances from these channels do not normally participate in AP repolarization in these compartments due to the availability of K v 3 channels. Yet, even in the absence of K v 3 conductances, control of AP repolarization in boutons remains uncoupled from the AIS as active spike propagation, supported by fast-activating conductances, is known to permit local shaping of AP duration even over short distances (Stuart and Häusser, 1994) . The apparent short length constant of AP broadening in this condition likely reflects the influence of AP shaping by remaining active conductances, including those of K v 1-containing channels in boutons.
We also observed uncoupled control of AP repolarization between boutons located on separate branches of the axon arbor. Rubi-4AP uncaging targeting a small region of an axon branch (6.5 Ϯ 2.1 m in length; 50 points, 0.8 mW per 0.5 ms pulse) increased spike duration in a test bouton within the targeted region (Fig. 3H-J ) , an increase similar to that induced by bath application of 4AP (1.22 Ϯ 0.05 of control; n ϭ 6, p Ͻ 0.01; paired t test) at a concentration that is generally selective for K v 3 channels (30 M; Coetzee et al., 1999; Alle et al., 2011). However, in alternating trials, APs measured at a second bouton located on an axon branch distal to the first (average distance between boutons 31.9 Ϯ 7.4 m) were largely unchanged despite Rubi-4AP-induced AP widening at the more proximal location (Fig. 3 I, J ; also observed in older mice [P28 -P35] test bouton 1.21 Ϯ 0.05 of control; distal bouton 1.03 Ϯ 0.05; n ϭ 4, p ϭ 0.03; paired t test; average distance between boutons 19.9 Ϯ 3.5 m). Together, these results indicate that locally available K ϩ conductances within an axon branch impart regional control of spike repolarization allowing for uncoupled control of spike repolarization from the AIS as well as other axon branches.
Local expression of use-dependent AP broadening at the AIS The uncoupled influence of K v 1 channels on AP repolarization at the AIS of SCs suggests that K v 1-mediated conductances may play a prominent role in determining the response properties of AP signaling at the AIS independent of other axonal regions. In hippocampal granule cells, repetitive spiking can induce cumulative broadening of APs at mossy fiber boutons due to use-dependent inactivation of K v 1 channels (Geiger and Jonas, 2000) . Therefore, in SCs, the AIS may be particularly susceptible to activity-dependent prolongation of spike waveform. We examined AP shape in axons of SCs during repetitive spiking induced by brief somatic current injections (Fig. 4A) at a nearphysiological firing frequency (40 Hz; Ruigrok et al., 2011) . During the course of high-frequency firing, AP duration in the AIS became progressively longer indicating a reduction in the rate of repolarization. AP broadening was apparent by the 20th AP (Fig.  4 B, D ; also observed in 1.5 mM Ca 2ϩ and 1.5 mM Mg 2ϩ at 32°C; 20th AP 1.35 Ϯ 0.03 of first AP; n ϭ 4, p ϭ 0.02; paired t test; in older mice [P28 -P35]; 20th AP 1.36 Ϯ 0.02 of first AP; n ϭ 3, p ϭ 0.03; paired t test; and last, at a resting potential [Ϫ54 Ϯ 2 mV] just below the threshold for spontaneous spiking [Ϫ50 Ϯ 1 mV]; 20th AP 1.44 Ϯ 0.06 of first AP; n ϭ 4; p Ͻ 0.01; paired t test) highlighting the rapid onset of use-dependent spike prolongation at this frequency. Broadening continued with additional APs at an average rate of 1.04 Ϯ 0.25% per spike by the 80th AP (Fig. 4E) , a rate similar to that observed at the mossy fiber bouton when stimulated at a comparable frequency (Geiger and Jonas, 2000) . Activity-induced AP broadening was occluded in the presence of DTX (200 nM; Fig. 4 B, D) , suggesting that use-dependent inactivation of K v 1channels strongly contributes to the cumulative APbroadening observed at the AIS.
In contrast to the AIS, APs at boutons were resistant to broadening during high-frequency firing ( Fig. 4C-E ; also observed in 1.5 mM Ca 2ϩ and 1.5 mM Mg 2ϩ at 32°C; 20th AP 0.96 Ϯ 0.06 of first AP; n ϭ 4, p ϭ 0.48; paired t test; and in older mice [P28 -P35]; 20th AP 0.95 Ϯ 0.05 of first AP; n ϭ 4; p ϭ 0.38 paired t test). This suggests that local control of spike repolarization by K v 3-mediated conductances ensures relatively brief APs at release sites, even after repeated use. To determine whether AP duration in boutons becomes susceptible to activity-induced broadening in the absence of K v 3 conductances, we repeated this experiment in TEA (500 M). In this condition, high-frequency firing (40 Hz) broadened APs at boutons (Fig. 4C,D) , a result consistent with use-dependent inactivation of K v 1 conductances that mediate spike repolarization when boutons are deprived of K v 3. With K v 3 channels blocked (500 M TEA), the addition of DTX (200 nM) occluded spike broadening induced by repetitive firing in boutons (DTX 20th AP 1.02 Ϯ 0.08 of first AP; p ϭ 0.78 paired t test) similar to the result observed at the AIS. Together, these results indicate a unique feature of SC axon function. The locationdependent influence of two distinct classes of K v channels on AP repolarization, K v 1 in the AIS and K v 3 at boutons, segregates the susceptibility of use-dependent spike plasticity to the AIS.
The AIS as a key regulatory site of spike firing As the AP initiation site in SCs, the AIS is a privileged cellular location where the organization and influence of K v 1 channels may confer a high degree of specificity in determining key attributes of excitability such as the spiking pattern during sustained stimulation. To study steady-state firing properties, we used square-pulse current injections (1 s) to elicit the maximally sustained firing frequency. To find this frequency, currents were increased stepwise (5-10 pA/step) from a near-threshold level until reaching saturation (I max ), just before spiking failure. Spiking failure is a likely consequence of Na ϩ channel inactivation following high-intensity stimulation (Carter and Regehr, 2000) . When stimulated at the maximum frequency, SCs fired continuously (50.1 Ϯ 6.4 Hz, n ϭ 16) with a modest amount of spikefrequency accommodation [ Fig. 5 A, C,D ; instantaneous spike firing (ISF) 64.8 Ϯ 5.6 and 41.2 Ϯ 6.1 Hz, for the initial and last 20% of spikes in the train, respectively; n ϭ 16, p Ͻ 0.01 by t test] indicating a use-dependent change in AP firing properties.
K v channels are particularly important in determining spike output. For example, K v 3 channels confer a fast-spiking, nonaccommodating phenotype in a broad class of GABAergic interneurons in the brain (Erisir et al., 1999; Baranauskas et al., 2003; Lien and Jonas, 2003) . However, in SCs, blocking K v 3 channels with TEA (500 M) had no observable effect on the steadystate firing rate or on the spike-response pattern (Fig. 5A-D) . In contrast, block of K v 1 channels with DTX (100 nM) reduced the steady-state firing rate resulting in fewer APs during the stimulus ( Fig. 5A-C ; also observed in 1.5 mM Ca 2ϩ and 1.5 mM Mg 2ϩ at 32°C; 0.74 Ϯ 0.08 of control firing rate; n ϭ 7, p ϭ 0.03; paired t test; and in older mice [P28 -P35]; 0.79 Ϯ 0.06 of control firing rate; n ϭ 5; p ϭ 0.03; paired t test). In addition, the rate of spike-frequency accommodation increased dramatically compared with control before plateauing near the end of the stimulus (Fig. 5D) , indicating that K v 1-mediated conductances normally moderate the onset of use-dependent spike accommodation. While the holding current was unaffected by DTX (Ϫ63.9 Ϯ 7.7 and Ϫ56.0 Ϯ 11.1 pA; control and DTX, respectively; n ϭ 9; p ϭ 0.18; paired t test), the magnitude of current necessary to reach the maximally sustained firing frequency (I max ) was reduced (121 Ϯ 21.7 and 99.1 Ϯ 20.4 pA; control and DTX, respectively; n ϭ 9; p ϭ 0.01; paired t test), a result analogous to that obtained in neocortical fast-spiking interneurons following K v 3 channel block (Erisir et al., 1999) . Together, our results show that K v 1-mediated conductances strongly influence SC spiking patterns.
To determine whether K v 1 conductances specific to the AIS influence SC spiking patterns, we used local photolysis of RuBi-4AP (300 M) to inhibit K v 1 channels at the AIS and measured the effect on sustained firing (Fig. 6A 1 ) . Laser pulses (473 nm; 0.8 mW; 8 ms pulses at 0.11 kHz) were directed to the proximal axon (25 sites on each side of the axon, visualized by inclusion of 50 M Alexa 594; 9.7 Ϯ 0.6 m in length; starting 3.0 Ϯ 1.0 from the axon hillock) just before stimulation (25 ms; Fig. 6A 2 ) . Current injections (1 s) elicited spiking slightly below the maximal firing rate (60 -70% of I max ) were kept constant throughout the experiment. Photolysis of RuBi-4AP near the AIS reduced the steady-state firing rate and accelerated the onset of spike-frequency accommodation (Fig. 6B-D) , a result similar to that obtained with bath-applied DTX. This effect appeared specific to the AIS. Moving the location of uncaging away from the axon (ϳ8 m) did not alter the steady-state spike rate (Fig. 6C) , suggesting that the area of 4AP-mediated K v channel inhibition must be near the location of uncaging. We examined the subcellular specificity of this effect by uncaging RuBi-4AP onto proximal dendrites. However, local photolysis of RuBi-4AP onto dendrites was insufficient to alter steady-state spiking or spike accommodation (Fig. 6A 1 ,B,E ) despite within-cell comparisons showing that similar photolysis conditions at the AIS (ϳ2.5 points/m; total targeted length, 19.2 Ϯ 1.4 and 20.9 Ϯ 0.8 m; dendrites and AIS, respectively, n ϭ 4; p Ͼ 0.05; paired t test) were sufficient to altering spike patterning (Fig. 6E ). These observations indicate that AIS K v conductances, most likely K v 1, play a prominent role in determining spike patterning at the AIS of SC interneurons. In the bottom plot, laser pulses alone have no effect on ISF. For these plots, APs were normalizedfortotalnumberandthenbinnedbasedontheirrelativepositioninthespiketrain.E,SpikingmeasurementsobtainedfollowingRuBi-4APuncagingattwolocationsinthesamecellincludingtheAIS and at a dendritic (Dend.) site. Steady-state firing was induced by somatic current injection. Data are mean Ϯ SEM; *p Ͻ 0.05 by one-way ANOVA in top plot, two-way ANOVA in the bottom plot. F, Diagram depicting the experimental recording configuration used for extracellular PF stimulation with a resulting postsynaptic SC response, recorded in control, shown below. G, Spike firing induced by repetitive PF stimulation(Stim.)incontrolandfollowingAIS-targetedRubi-4APphotolysis.Anexpandedviewisshownwithstimulusartifactsblankedforclarity.H,SummarygraphshowingAIS-directedRubi-4APphotolysis reduces spiking. Data are mean Ϯ SEM; *p Ͻ 0.05 by paired t test. Cont., control.
To examine the role of K v -mediated conductances in the AIS in determining spiking properties during more naturalist excitation, we stimulated the presynaptic PFs of granule cells using an extracellular pipette (60 Hz, 400 ms) thereby evoking prolonged SC excitation by summating EPSPs (Fig. 6F ) . Granule cells are known to maintain such high rates of prolonged firing in vivo during continuous cutaneous stimulation (Jörntell and Ekerot, 2006) . In alternating trials, we used Rubi-4AP photolysis targeting the AIS of postsynaptic SCs to block K v channels immediately before PF stimulation (Fig. 6F ) . Uncaging induced a reduction in the aggregate spike rate (Fig. 6G,H ) , similar to results obtained with steady state-current injection, reinforcing the conclusion that K v 1 channels in the AIS are a critical determinant of AP output.
K v 3 channels determine AP-evoked Ca
2؉ influx at release sites At presynaptic sites of release, the AP waveform informs the efficacy of neurotransmission by directing voltage-gated Ca 2ϩ channel (Ca v ) opening and, in following, the Ca 2ϩ influx that triggers vesicle fusion and neurotransmission (Augustine et al., 1991) . Therefore, at SC boutons, it is expected that K v 3 conductances mediating AP repolarization must have a prominent role in determining release efficacy. Using an experimentally derived kinetic model of Ca v channel gating (Li et al., 2007) , we first examined for the likely contribution of K v 3-mediated conductances in determining Ca v activation using a representative AP waveform recorded from a SC bouton. Simulating the loss of K v 3-mediated repolarization by increasing AP duration (1.22 of control) enhanced Ca v -mediated Ca 2ϩ influx in a proportional manner ( Fig. 7A ; peak amplitude of Ca v P o integral, 1.23 of control). In a complementary set of in vitro experiments, we simultaneously recorded AP waveform and the AP-evoked Ca 2ϩ transient in the same bouton by including the spectrally separable Ca 2ϩ indicator dye, Oregon Green BAPTA-1 (or OGB-6F), in the patch pipette together with the red VSD (Fig. 7B ) and exciting both dyes at the same wavelength (1020 nm). Ca 2ϩ influx pri- marily occurred after the peak of the AP suggesting that, in basal conditions, rapid K v 3-mediated repolarization limits Ca 2ϩ influx in boutons. Indeed, slowing repolarization by blocking K v 3 channels (500 M TEA) increased the amplitude of the AP-evoked Ca 2ϩ transient (Fig. 7C) . The increase in Ca 2ϩ influx was proportional to the increase in AP half-width (AP half-width 1.22 Ϯ 0.05 of control; peak Ca 2ϩ amplitude, 1.22 Ϯ 0.06 of control; n ϭ 6) indicting that, like excitatory synapses (Sabatini and Regehr, 1997; Borst and Sakmann, 1999; Bischofberger et al., 2002) , Ca 2ϩ influx at presynaptic GABA release sites linearly tracks AP duration.
To directly test if K v 3-mediated control of the presynaptic waveform influences synaptic efficacy, we made paired electrophysiological recordings from synaptically connected SCs. APs were elicited by brief current injections in presynaptic SCs held in the cell-attached recording configuration; a constant bias current prevented these cells from spontaneously firing during recordings. Presynaptic APs elicited time-locked, GABA A receptormediated IPSCs in voltage-clamped postsynaptic cells (E Cl Ϸ 0 mV). Bath-applied TEA (500 M) reversibly increased the amplitude of AP-evoked IPSCs (Fig. 7 D, I ; 1.36 Ϯ 0.5 of control/wash average; n ϭ 7; p ϭ 0.02; paired t test) suggesting that K v 3 conductances limit synaptic strength. Likewise, the K v 3 modulator BDS-I (1 M) increased IPSC amplitude to a similar extent as TEA (Fig. 7 E, I ). To test for a possible postsynaptic contribution of K v 3 on IPSC amplitude, we recorded spontaneous miniature IPSCs (mIPSCs; 0.5 mM TTX). However, mIPSC amplitude was slightly reduced by TEA ( Fig. 7F ; 0.96 Ϯ 0.01 of control; n ϭ 5; p ϭ 0.03; paired t test). Thus, the increase in AP-evoked IPSC amplitude following block of K v 3 channels must be attributable to the broadening of spike waveform and increase in presynaptic Ca 2ϩ entry. We also examined for a K v 1-mediated effect on synaptic efficacy; however, blocking K v 1 channels with DTX (100 nM) did not affect AP-evoked IPSC amplitude (Fig. 7G,I ). This suggests that, despite a prominent role for K v 1 in mediating excitability at the AIS, these conductances do not normally inform synaptic efficacy likely because of the limited role of K v 1 in determining AP repolarization at boutons in basal conditions. In contrast, with K v 3 channels blocked by TEA (500 M), DTX increased AP-evoked IPSC amplitude (Fig. 7 H, I ), a result in keeping with our finding that local K v 1-mediated conductances determine AP repolarization at release sites in the absence of K v 3.
Discussion
In this report, we show that the types of K v channels mediating AP repolarization in SC axons vary depending on location. This implies that K v -mediated conductances impart a highly localized influence on AP signaling likely derived from their subcellular targeting and expression. Due to this subcellular organization, axons multiply their adaptive properties by tuning excitation in one axon compartment independent of others, for example, uncoupling activity-dependent control of spiking at the AIS from neurotransmission at release sites.
Location-specific control of AP repolarization in axons by distinct Kv channel types Using 2P VSD imaging to measure AP waveform, we observed that spike repolarization in SC axons is regionally determined by different types of K v channels. K v 1 channels direct repolarization at the AIS and K v 3 channels direct repolarization at boutons. Whether other types of neurons also employ a diverse complement of K v channels to regionally control spike repolarization in axons is unclear. Unlike SCs, K v 1-mediated control of AP repolarization in L5 pyramidal cells is not restricted to the AIS. Rather, this channel type determines spike shape throughout the axon arbor (Kole et al., 2007; Foust et al., 2011) . In neocortical fastspiking interneurons, K v 3 conductances not only inform release efficacy but also determine spiking rate (Erisir et al., 1999; Goldberg et al., 2005) , a result indicative of a more global influence of K v 3 conductances fitting with the prominent expression of K v 3.1b and K v 3.2 in the both the soma and axons of this cell type (Chow et al., 1999) . However, the location-specific arrangement and influence of voltage-gated ion channels, including K v channels, is a common organizing motif in neurons critical for determining local excitability. In some cells, K v channel subtypes partition within the AIS (Van Wart et al., 2007; Lorincz and Nusser, 2008) and, in SCs, form dense clusters on dendritic segments (Kollo et al., 2006 ) suggesting a precise subcellular organization on a very local scale.
Our results show that when K v 1 channels are blocked at the AIS, spike broadening is constrained to the most proximal region of axon suggesting that AP repolarization must be set by the local availability of K ϩ conductances and not from those at more remote locations. Furthermore, we find that AP repolarization is also locally determined within subregions beyond the AIS, including between branches within the axon arbor. The local influence of a particular K v conductance is determined by a number of factors including channel density and the electrotonic nature of the axon including its complex geometry and passive properties, as well as the frequency content of the command voltage signal (Johnston and Wu, 1999) . The spatial extent to which an AP is shaped by the local availability of active K ϩ conductances is currently unresolved. Nevertheless, it is clear that the K v conductances determining spike repolarization at bouton release sites are spatially uncoupled from those at the AIS.
By using a diverse complement of K v channel types at the AIS and boutons, axons can differentially regulate spike signaling in these two compartments. In a similar manner, dendrites frequently use ion channel gradients along their membranes to locally modify excitability multiplying their computational capacity (Nusser, 2012) . In this way, use-dependent spike broadening in SCs is limited to the AIS in basal conditions because a biophysically distinct set of channels from the K v 3 family locally directs repolarization in boutons. K v 3 channels deactivate rapidly upon repolarization (Baranauskas et al., 2003; Lien and Jonas, 2003) and are likely less apt to accumulate inactivation during repetitive firing. Our observation that K v 1 conductances do not normally contribute to AP repolarization in boutons does not preclude the possibility that K v 1 channels are also expressed at these sites (Wang et al., 1994; Laube et al., 1996) . With K v 3 conductances blocked, AP repolarization in boutons was set by a local K v 1 conductance and was also susceptible to use-dependent prolongation. When measured in axons, K v 3 channels are known to have faster activation kinetics, a larger single channel conductance, and a greater steady-state availability at rest compared with 
